Abstract. MicroRNAs (miRNAs/miRs) are a class of small, non-coding RNA molecules that serve a key function in carcinogenesis and tumor progression. Recent evidence indicates that miRNAs may act as powerful regulators of migration and invasion. The present study aimed to investigate the effect of miR-25 on the invasion and metastasis of KYSE-150 and EC109 esophageal squamous cell carcinoma (ESCC) cells, and predict the mechanism of this effect by bioinformatically analyzing the miR-106b-25 cluster. In order to alter the expression of miR-25 in the two cell lines, a miR-25 inhibitor or mimic were transfected into the cells, which were then studied via Transwell migration and invasion assays. Subsequently, the target genes of the miR-106b-25 cluster were predicted using miRanda, PicTar, TargetScan and miRTarbase, and the functions of the target genes were predicted via Gene Ontology term and Kyoto Encyclopedia of Genes and Genomes pathway enrichment analyses. Then, a protein-protein interaction (PPI) network was produced using the Search Tool for the Retrieval of Interacting Genes. The results revealed that overexpressing miR-25 led to significantly increased cell migration and invasion in KYSE150 and EC109 cells. Suppressing miR-25 resulted in significantly decreased cell migration and invasion in KYSE150 cells, while the result was not significant in EC109 cells. Target genes of the miR-106b-25 cluster were significantly enriched in the biological process regulation of cellular metabolic process and several cancer-associated pathways, such as those for glioma and melanoma. The PPI network revealed that PTEN, TP53, MDM2, E2F1, PRMT5, MCM2, RB1, CDKN1A, SHAD7 and EZH2 may serve core roles within the network and associate with one another during the pathogenesis of ESCC. These results indicate that a high expression of miR-25 promotes the invasion and metastasis of ESCC cells, while the influence of low expression of miR-25 differs with cells with different degrees of differentiation. Invasion and metastasis are not effected in cells with poor differentiation, while they were decreased in well differentiated cells. Furthermore, PTEN, TP53, MDM2, E2F1, PRMT5, MCM2, RB1, CDKN1A, SHAD7 and EZH2 may be targeted by the miR-106b-25 cluster, and act together to regulate the development of ESCC.
Introduction
Esophageal cancer is an important public health problem worldwide, as the eighth most common cancer and sixth most common cause of cancer-associated mortality (1) . Esophageal squamous cell carcinoma (ESCC) accounts for 90% of all histological types of esophageal carcinoma in the highest risk area, North-central China, which ranks first in ESCC morbidity and mortality rates (2) . Genetic heterogeneity and complex regulatory networks make it difficult to treat ESCC (3) . Thus, identifying the regulatory pathways for the stratification of ESCC is of great clinical significance.
MicroRNAs (miRNAs/miRs) are single-stranded RNAs of 18-24 nucleotides in length that post-transcriptionally regulate gene expression by directly binding to the 3'-untranslated region (UTR) of target mRNAs (4) . Emerging evidence has revealed that numerous miRs are involved in tumorigenesis and/or tumor progression (5) . The involvement of miR regulatory mechanisms in cancer progression may be essential to understand the complete molecular landscape of carcinoma progression. Although the first miRNA, lin-4, was discovered in 1,993 (6) and the second, let-7, in 2,000 (7) in Caenorhabditis elegans, only recently has the study of this class of small regulatory RNAs in humans become more widespread. Experimental evidence that has accumulated has led researchers to notice that unknown molecular factors, particularly non-coding RNAs, serve important roles in carcinogenesis (8) . Approximately 70% of the genome has been identified to be transcribed in mammals (9) . Over the past decade, miRNAs have emerged as important players in RNA interference-mediated post-transcriptional gene regulation. miRNAs can be transcribed from individual genes or as clusters (10) , with ~30% of miRNAs transcribed as polycistronic clusters (11) . miRNA clusters are comprised of several miRNA genes, which are located adjacent to one another on the chromosome and are typically highly related structural genes with similar functions (12) . The miRNA genes in these clusters are transcribed as one long pri-miRNA transcript, which is subsequently processed into the individual miRNAs (12) . The role of miRNA clusters in tumorigenesis has been extensively studied; Liu et al (13) identified that the cluster of miR-143 and miR-145 served a role in the modulation of ESCC metastases through targeting oncogenic fascin actin-bundling protein 1, thus affecting the risk of ESCC progression. The miR-106b-25 cluster is located in the thirteenth intron of the DNA replication gene minichromosome maintenance complex component 7 (MCM7), which resides on chromosome 7 in humans and encodes three miRNAs: miR-106b, miR-93 and miR-25. A previous study revealed that members of the miR-106b-25 cluster are overexpressed in several types of cancer (14) .
miR-25, a member of the miR-106b-25 cluster, has been identified to be overexpressed in a variety of types of cancer and serve functional roles in numerous malignancy-associated processes, including tumorigenesis, and cancer cell proliferation, migration and metastasis (15) . Furthermore, diverse molecular signaling pathways appear to be the targets of miR-25 in various types of cancer. For example, in breast cancer miR-25 activates the transforming growth factor (TGF)-β signaling pathway to induce tumorigenesis (15) . However, the molecular mechanisms underlying ESCC remain unclear; thus, further studies are required to ascertain a more thorough understanding of the molecular basis of ESCC.
The present study aimed to investigate the effects of miR-25 on the metastasis and invasion of KYSE-150 and EC109 ESCC cells. Furthermore, members of the miR-106b-25 cluster were bioinformatically analyzed using a variety of methods, including Gene Ontology (GO) term and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses. Downstream proteins were analyzed and potential target genes of miR-106b, miR-93 and miR-25 were identified, laying a foundation for further research.
Materials and methods
Cell culture. The human ESCC cell lines KYSE150 and EC109 were purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). KYSE150 is highly differentiated, while EC109 is less differentiated. All cells were cultured in RPMI-1640 (Gibco) supplemented with 10% fetal bovine serum (FBS; Invitrogen) (both Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 37˚C with 5% CO 2 .
Transfection. KYSE150 and EC109 were seeded into 6-well plates (2x10 5 cells per well) and cultured for 5-10 min prior to transfection. HiPerFect Transfection Reagent (Qiagen GmbH, Hilden, Germany) was used for miRNA and siRNA transfection according to the manufacturer's protocol. miScript miR-25 mimic (MSY0000081), miScript miR-25 inhibitor (MIN0000081) and Allstars negative control siRNA (cat. no. 1027280; all Qiagen GmbH) were transfected into the cells. Transfected cells were then subjected to reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis, and Transwell invasion and migration assays.
RT-qPCR analysis. Total RNA from KYSE150 and EC109 cells was isolated 48 h following transfection using the miRNeasy Mini kit, cDNA was reverse transcribed using the miScript II Reverse Transcription kit and qPCR was performed using the miScript SYBR Green PCR kit (all Qiagen GmbH), according to the manufacturer's protocol. The thermocycling conditions were presented in Table I . The threshold cycle (Cq) was defined as the fractional cycle number at which the fluorescence passed the fixed threshold. The PCR primers were as follows: miR-25, forward, 5'-CGAG CTC TTT TAA GAC AGG-3' and reverse, 5'-GCC GGC TGC ATG CCT GTGG-3'; and U6, forward, 5'-GTG TGC TAC GGA GTT CAG AGG TT-3' and reverse, 5'-TGG GGT TAT ACA TTG TGA GAG GA-3'. miRNA quantitation was performed using a TaqMan miRNA assay (Applied Biosystems; Thermo Fisher Scientific, Inc.) in a CFX96 real-time thermal cycler (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The amount of target gene expression was normalized using U6 as the reference gene and the amount of target gene in the control cells was set at 1.0. Following the initial activaton step for 15 min at 95˚C, the reaction system entered into the 3 step cycling which included the following steps for 40 cycles: Denaturation for 15 sec at 94˚C; annealing for 30 sec at 55˚C and extension for 30 sec at 70˚C. The relative expression of miR-25 was then calculated using the 2 -ΔΔCq method (16) . All samples were processed in triplicate.
Transwell invasion and migration assays.
A total of 48 h after transfection the KYSE-150 and EC109 cells were used for Transwell invasion and migration assays. For the invasion assay, the upper chamber of a 24-well Transwell permeable support with 8 um pores (cat. no. 5422) coated with Matrigel (1 mg/ml; Matrigel Basement Membrane Matrix) (both Corning Incorporated, Corning, NY, USA) was loaded with 200 µl of cell suspension (1-4x10 5 cells/well) and the lower chamber was loaded with 600 µl of RPMI-1,640 containing 10% FBS. The Transwell was then incubated at 37˚C with 5% CO 2 for 48 h. Subsequently, the cells remaining on the filter surface were fixed with 4% formaldehyde for 15 min at room temperature, stained with 0.5% crystal violet at room temperature for 30 min and examined under a microscope (objective, x40; magnification, x100). Cells in at least six random microscopic fields were counted. A total of five wells were tested for each group and all experiments were performed in triplicate. The migration assay was performed in the same way, with the exclusion of the Matrigel.
miR-106b, miR-2 and miR-93 target gene prediction, and GO term and KEGG pathway enrichment analyses.
Three target gene prediction databases were utilized to predict the target genes of the three miRs of miR-106b-25 cluster. These were TargetScan (version 6.1; targetscan.org), PicTar (pictar. mdc-berlin.de) and miRanda (microrna.org). The intersection of the predicted targeted genes was taken and then combined with the validated genes that miRTarBase 6.0 (http://mirtarbase.mbc.nctu.edu.tw/php/search.php) provided in order to obtain the target genes. GO analysis is widely used for the functional annotation of genomic data. To explore the functions of miR-106b, miR-2 and miR-93, GO (geneontology. org) (17) was employed to perform biological process term enrichment analysis. In addition, KEGG pathway enrichment analysis was performed. These enrichment analyses were performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID; version 6.7) (17) . KEGG can provide a valid estimate of the target genes' P-value by a Monte Carlo simulation procedure (18) . The enrichment analysis results with P<0.05 were identified as significant results.
Protein-protein interaction (PPI) network construction.
The identified target genes of the miR-106b-25 cluster were placed into the Search Tool for the Retrieval of Interacting Genes (STRING) database (string-db.org), a meta resource that collects available information on protein-protein associations, scores and weights them, and then augments them with predicted interactions and with the results of automatic text-mining searches in order to construct a PPI network (17) .
Statistical analysis. Data are expressed as the mean ± standard error. The differences among groups were determined by one-way analysis of variance, which was followed by a post hoc Dunnett's T3 (3) test when multiple groups were being compared using SPSS 20.0 (IBM Corp., Armonk, NY, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

Expression of miR-25 in KYSE-150 and EC109 cells after transfection.
To investigate the impact of miR-25 on the growth of KYSE-150 and EC109 cells, the expression of miR-25 was altered by the transfection of a mimic or inhibitor. A negative control was also transfected into a third group of cells. The expression of miR-25 in the three groups of KYSE-150 and EC109 cells was then detected by RT-qPCR analysis. U6 was used as an internal control. As demonstrated in Fig. 1 , the expression of miR-25 was significantly increased in the mimic group compared with the control group, and significantly decreased in the inhibitor group. This indicated that cell models with differential expression of miR-25 were successfully constructed.
miR-25 affects the invasion and metastasis of KYSE-150 and EC109 ESSC cells differently.
In order to analyze metastasis and invasiveness, which are important features of malignant cells, Transwell migration and invasion assays were performed (Figs. 2 and 3 ). In the migration and invasion assays, the number of KYSE-150 cells in the mimic group was significantly higher than that in the negative control group, while the number of cells in the inhibitor group was significantly decreased compared with the negative control group. In the EC109 cells, similarly, the number of cells in the mimic group was significantly higher than that in the negative control group, however, there was no significant difference between the numbers of cells in the inhibitor and negative control groups. This indicated that high expression of miR-25 may promote the invasion and metastasis of ESCC cells, while low expression of miR-25 did not necessarily inhibit invasion and metastasis.
Bioinformatical analysis of the predicted target genes of miR-106b, miR-25 and miR-93.
In order to investigate potential regulation mechanisms of the miR-106b-25 cluster in the pathogenesis of ESCC, four online bioinformatics databases (TargetScan, PicTar, miRanda and miRTarbase) were used to identify and validate potential targets of the three members of the cluster. A total of 14 target genes of miR-106b, 25 target genes of miR-93 and 54 target genes of miR-25 were identified (Table I) . Next, the biological processes that these 93 targets are involved in were investigated using GO term and KEGG pathway enrichment analyses (Tables II and Ⅲ, respectively) . The first three pathways of the enrichment analysis indicated where the target genes were concentrated and the results demonstrated that they might be important genes in the regulation of macromolecule metabolic processes and cell cycle and may serve a role in Glioma. Table I . Predicted target Genes of the miR-106b-25 cluster.
miRNA Target genes   miR-106b  KAT2B, DNAJB9, E2F1, AGFG2, APC, SMAD5, S1PR1, PLEKHM1, C5orf41, ITCH, APP, CDKN1A, RB1,  TCEAL1  miR-93  KAT2B, ENPP5, TP53, EPHA4, ZNF512B, TRIM3, FGD5, OSR1, RAB5B, GIGYF1, PGBD5, NRP2, NKX3-2,  FGD1, MAP3K3, PAFAH1B1, NHLH1, SKI, TNRC6A, INP1, CDKN1A, E2F1, ITGB8, TUSC2, PTEN, LATS2  miR-25  PTEN, ZNF512B, ERC2, KAT2B, MIER3, DMXL1, TP53, EXOC5, PRKCE, PCDH11Y, PDS5B, E2F3,  LHFPL2, COL1A2, ARHGEF17, FOXG1, MAP2K4, TMEM87A, PRDM13, ZNF287, TRAK2, ATRX,  DNAJB12, KCNK10, C17orf39, GDF11, XYLT2, LATS2, DSCAML1, TOB1, EGR2, ADM, IQGAP2,  ADCY3, FNBP4,NAA15, SOBP, RNF44, NLK, BAZ2A, BCL2L11, CDKN1C, WDR4, CDH1, CCL26 , MDM2, EZH2, SMAD7, PRMT5, KLF4, FBXW7, NOX4, WWP2, TMEM188 miR, microRNA.
PPI network. A PPI network of the miR-106b-25 cluster target genes was constructed using STRING (Fig. 4) . A total of 45 target genes that were identified as being linked to lax isolated nodes and not connected to any other nodes through data analysis were removed. The PPI network created revealed complex interactions, particularly for the target genes PTEN, TP53, MDM2, E2F1, PRMT5, MCM2, RB1, CDKN1A, SMAD7 and EZH2. So these genes were the focus of our study. However, inhibiting miR-25 had different effects on the invasion and metastasis abilities of ESCC cells of different degrees of differentiation. The invasion and metastasis of cells with a high degree of differentiation was significantly decreased, while the abilities of poorly differentiated cells did not change significantly. Thus, the impact of different degrees of differentiation should be taken into consideration in cancer studies. These results also suggest that clinical treatment should be individualized according to the degree of differentiation; when ESCC is well differentiated, inhibition of miR-25 may be an effective treatment, while if it is not this treatment would be ineffective. Multiple steps in tumorigenesis, including migration, cell adhesion and immunological escape, are involved in invasion and metastasis, which serve a significant role in the development of ESCC. Complicated processes such as these cannot be regulated by a single molecule and require numerous molecules to interact with one another. Research over the last decades has identified a number of oncogenic and tumor suppressor proteins that are associated with the tumorigenesis of ESCC (13, 17, 19, 20) , however, molecular indicators of the origin of cellular deregulation in ESCC have not yet been identified. In order to improve the survival rates of patients with ESCC, it is necessary to understand the molecular etiology of the disease, and identify novel biomarkers for the early detection of pre-malignant lesions and localized carcinoma (17) . miR clusters are closely related structural genes with similar functions. Investigating how miRNA families are expressed in clusters and control cell signaling pathways is likely to increase understanding of cancer progression. Several studies have identified that the polycistronic miR-106b-25 cluster is tumorigenic (21, 22) . Li et al (21) reported that the miR-106b-25 cluster may have an anti-apoptotic role and could promote cell cycling in vitro. In the present study, bioinformatical analysis of the miR-106b-25 cluster was performed, including target prediction, followed by enrichment analysis these targets and PPI network construction. A total of 93 target genes were predicted for the three members of the cluster, including PTEN, TP53, MDM2, E2F1, PRMT5, MCM2, RB1, CDKN1A, SHAD7 and EZH2. GO term enrichment analysis revealed that the target genes of the cluster were significantly enriched in cell metabolism and the cell cycle. A previous study revealed that inhibiting the expression of the three members of the miR-106b-25 cluster slowed the development of liver cancer, and although the effects of the three members differed from each other, the trend was the same, which suggests that members of this cluster serve a role in tumor development (21) . KEGG pathway enrichment analysis in the present study revealed that the gene targets of miR-106b-25 cluster members were concentrated in signaling pathways associated with glioma, melanoma and bladder cancer.
Discussion
In the present study, a PPI network of the predicted targets of the miR-106b-25 cluster was constructed. PTEN, MDM2 and p53 were located centrally in this network. Research in gastric cancer cells by Petrocca et al (23) demonstrated that the miR-106b-25 cluster was involved in E2F1 post-transcriptional regulation and may serve a key role in the development of TGF-β resistance in gastric cancer. E2F1 is an important transcription factor that serves a role cancer progression (24, 25) MDM2, a negative regulator of p53, is an important regulator of the cell cycle and apoptosis. MDM2 serves a pivotal role in p53 stabilization via phosphorylation at serine residues, and overexpression of MDM2 has frequently been observed in solid tumors and is associated with tumor progression (17) . TP53 is at the core of the complicated PPI network, since deregulated p53 expression is closely associated with numerous types of cancer (17) . p53 acts as a tumor by triggering cell cycle arrest and apoptosis, as well as maintaining genome stability (26). Xu et al (27) revealed that miR-25 promoted cell migration and invasion in ESCC. In prostate cancer and ovarian cancer, miR-93 can bind to and decrease PTEN expression, thereby promoting cancer cell proliferation and invasion (28, 29) . These results indicate that certain genes in the PPI network serve important roles in tumorigenesis. However, many other genes in the network have not been fully studied yet, including PRMT5, MDM2, RB1, CDKN1A, SMAD7 and EZH2. These genes are located centrally in the PPI network and have numerous links to other genes in the network, so further experiments are required to verify their functions.
The results of the present study and previous research suggest that interactions between the three members of miR-106b-25 cluster regulate multiple downstream target proteins to promote or inhibit carcinogenesis through cell cycle regulation mediated via several tumor-associated signaling pathways. Though several of the target genes of the miR-106-25 cluster have been studied, this research is still limited and knowledge about the interaction between genes is still lacking; thus, further research into the role of the miR-106b-25 cluster is required. This research should include further bioinformatical analysis, which greatly improves the efficiency of miRNA research, as it can provide important information about genes and also provide targets for further experiments.
